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1. INTRODUCTION

Since Fujishima and Honda discovery the photoelectrochem-
ical splitting of water on n-TiO2 electrodes,

1 TiO2 is of great
interest in many current and emerging areas, for example, solar
energy conversion,water spitting, and environmental applications.2�4

Because of its high photoactivity, high chemical stability, low
cost, and nontoxicity, lots of investigation have been carried on.

However, the band energy gap of TiO2 is about 3.2 eV in the
anatase crystalline phase, which is too wide to absorb visible light.
Therefore, developing a novel method that provides TiO2 photo-
catalyst with sufficient photosensitivity in the visible light region
has been the major research effort in the recent years. For this
purpose, many methods have been investigated; including non-
metal, transition metal and rare earth element doping, noble
metal deposition, semiconductor coupled and dye sensitization,5�11

etc. Among them, the transition-metal-doped TiO2 is highly
visible-active relatively, and lots of works on it have been
reported.12�23 Among these dopants, vanadium has been found
to be the most effective in enhancing TiO2 photocatalytic
activity,24�28 which corresponds to the enhanced absorption in
the visible light region and reduction of particle size into nano-
meter range with high surface area and the improved quantum
efficiency leading to improvement of the e��hþ pair separation
efficiency.

Moreover, another approach to synthesize visible-light photo-
catalysts is the nonmetal doping or modification. Carbon was
reported to be effective in improving the activity of TiO2

photocatalyst.29,30 Carbon doping can produce a new hybrid

state in the band gap, which narrows the band gap and
therefore leads to significant visible light absorbance of the
doped TiO2. Furthermore, the carbon coated on TiO2 parti-
cles could enhance adsorption of dyes (organic compounds)
on the surface of the photocatalysts. Therefore, a great number of
works has focused on carbon modification recently.31�33 In our
group, carbon-modified TiO2 and carbon-co-modified TiO2 with
other metal or nonmetal have been studied for years.34�37

To the best of our knowledge, few studies address vanadium
and carbon codoped/modified TiO2. Some researchers use
organic titanium precursor such as titanium isopropoxide (TTIP)
or titanium tetrabutoxide (TBOT), which also has carbon in the
precursor.27 Therefore, it is hard to find out where the carbon
comes from and difficult to calculate the real amount existed in
the photocatalyst. And some researchers load V2O5 on the
surface of carbon-doped TiO2 to constitute a compound semi-
conductor,24 which should be considered as another approach to
improve photocatalytic activity.

In this study, the carbon-modified vanadium-doped TiO2

catalyst was synthesized by a novel method using inorganic
titanium tetrachloride as titanium precursor, ammonium meta-
vanadate as vanadium precursor and glucose as carbon precursor.
The resulting composite photocatalysts were systematically inves-
tigated by various techniques. And based on the characterization
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results, the effect of V and C on the photocatalytic performance
of TiO2 was discussed.

2. EXPERIMENTAL SECTION

2.1. Preparation of Photocatalysts. Low-temperature wet
chemical method was used to obtain the carbon-modified vanadium-
doped TO2 photocatalysts. TiCl4, NH4VO3, and glucose were used as
the precursors of Ti, V, and C, respectively, and all chemicals used were
of analytical reagent grade without further purification. First, 4.0 mL of
TiCl4 was added dropwise to 100 mL of iced distilled water under
vigorous stirring, which was continuously stirred for 24 h. Afterward,
ammonia aqueous solution was added to adjust the pH value to 7 to
completely get Ti(OH)4 precipitation, which was then filtered and
washed by distilled water several times. The clean Ti(OH)4 precipitation
was dispersed again in distilled water (4 �C), and 30% H2O2 was added
until it became a yellow solution accompanied by vigorous stirring.
Then, different amounts of NH4VO3 were added in the transparent
solution. The transparent solutions were following heated at 100 �C in a
flask at air pressure for 48 h to get the crystalline hydrosol. The hydrosol
was dried in vacuum at 60 �C for 10 h to get the powder, which was then
calcined at 300 �C for 2 h to get the catalyst. A series of V-doped TiO2

hydrosols were prepared by changing the V/Ti ratio. The obtained
photocatalysts were denoted as x%V-TiO2, where x%was the mole ratio
of doped vanadium to titanium dioxide, which was varied from 0.3 to
1.0%. In addition, an undoped TiO2 sample, which was denoted as
blank-TiO2, was prepared by the same procedure in the absence of
NH4VO3 for comparison.

The carbon-modified samples were synthesized by hydrothermal
treatment of the suspension of uncalcined V-doped TiO2 with different
amount of glucose at different molar ratios of C:Ti. And then the
powders were calcined at 300 �C for 2 h to get the final catalyst. The
obtained photocatalysts were denoted as y�x%V-TiO2, where y was the
mole ratio ofmodified carbon to titanium dioxide, which was varied from
0.16 to 0.48. A blank sample was also synthesized by hydrothermal
treatment of blank-TiO2 with distilled water only for comparison.
2.2. Characterization of Photocatalysts. XRD analysis of the

prepared photocatalysts was carried out at room temperature with a
RigakuD/max 2550VB/PCapparatus usingCuKR radiation (λ=0.5406Å)
and a graphite monchromator, operated at 40 kV and 30mA. Diffraction
patterns were recorded in the angular range of 10�80� with a stepwidth
of 0.02� s�1. UV�vis absorption spectra were obtained using a scan
UV�vis spectrophotometer (Varian Cary 500) equipped with an
integrating sphere assembly, while BaSO4 was used as a reference.
Raman measurements were performed at room temperature using an
inVia Reflex Raman spectrometer with the excitation light of 514 nm.
The surface morphologies and particle sizes were observed by high-
resolution transmission electron microscopy (HRTEM, JEM-2011),
using an accelerating voltage of 200 kV. Thermo gravimetric and
differential thermal analysis (TG-DTA) curves were recorded on a
Rigaku TG8120 instrument at a heating rate of 10 �C min�1 under air
using R-Al2O3 as the standard material. To investigate the chemical
states of the photocatalysts, werecorded X-ray photoelectron spectros-
copy (XPS) with a Perkin-Elmer PHI 5000C ESCA System with Al KR
radiation operated at 250 W. The shift of binding energy due to relative
surface charging was corrected using the C 1s level at 284.6 eV as an
internal standard.
2.3. Photocatalytic Activity Test. The photocatalytic activity of

each photocatalyst wasmeasured in terms of degradation of AcidOrange
7 (AO7). Because AO7 is a common contaminant in industrial waste-
water and has good resistance to light degradation, hence was selected as
amodel pollutant. A 1000W tungsten halogen lamp equipped with a UV
cutoff filters (λ > 420 nm) was used as a visible light source (the average
light intensity was 60 mW cm�2). And the lamp has a quartz cylindrical

jacket around the lamp, in which the running water was used to keep the
ambient temperature cool during the photocatalytic reaction. In a typical
photocatalytic reaction, 0.08 g of photocatalyst was added into a 100 mL
quartz tube photoreactor containing 80 mL of 20 mg L�1 AO7 solution.
So the concentration of the photocatalyst would be 1 g L�1. The mixture
was stirred for 30 min in the dark to reach the adsorption�desorption
equilibrium, and then put into the pohtocatalytic equipment. At the
given time intervals, the analytical samples were taken from the mixture
and immediately centrifuged to remove the photocatalysts. The con-
centration of the filtrate was analyzed by checking the absorbance at
483 nm with a UV�vis spectrophotometer (Varian Cary 100).

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction. Figure 1 shows the XRD patterns of
different amount of V-doped TiO2 nanoparticles, which indicates
all of these samples, are mixed phases of anatase and brookite
phases. No characteristic peaks of vanadium oxide (V2O5 and
V2O4) are found, implying either V ions are incorporated in TiO2

lattice or V oxides are very small and highly dispersed, which
cannot be detected by XRD technique. And according to the
phase formula reported before,38 the percentage of the brookite
of 0.3%V-TiO2, 0.5%V-TiO2, and 1%V-TiO2 samples are 18.1,
17.8, and 10.9%, respectively, which decreases as the increasing
of the dopant amount. Furthermore, the calculated average
anatase crystallite sizes of these particles using Scherrer’s formula
are 7.7 nm, 8.3 and 10.9 nm, respectively, which indicates that
doping V in TiO2 lattice is beneficial to the growth of the TiO2

nanoparticles. It is also noticed that for the (101) plane peak, a
small shift occurs in the peak position after the introduction of V.
And Table 1 shows the lattice parameters calculated by the XRD
results. Compared with these of pure TiO2, It is clear that the
lattice parameters remain almost unchanged along the a-axis,
whereas the c-axis parameters decrease as vanadium doped.
Because the ionic radii of V4þ and V5þ are 0.58 and 0.54 Å,
respectively, whereas Ti4þ ionic radius is 0.61 Å,39 it can be
concluded that the crystal lattice distortion is caused by the
substitution of part of the Ti site by vanadium ions.
As is well-known, anatase is tetragonal while brookite is

orthorhombic, and the theoretical density of brookite is greater
than that of anatase, which means brookite is more compact and
ordered than anatase. Therefore, it is easier to form anatase rather
than brookite while vanadium ions replace Ti ions. Moreover,
because the stacks of TiO6 octahedra along the a (100) and b
(010) directions in bulk brookite have patterns close to those in

Figure 1. XRDpatterns of 0.3%V-TiO2, 0.5%V-TiO2, and 1.0%V-TiO2.
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anatase, corresponding anatase surfaces for those brookite sur-
face planes cut through the a and/or b axes can be found, which are
(112) and (110) surfaces.40 So the formation of brookite from
anatase by a solid state reaction is possible. However, the activation
barrier for the transformation is the energy needed to displace
octahedral cations into adjacent sites within a structure other-
wise only slightlymodified by distortion.41 As concluded above, more
vanadium doping can lead to more crystal lattice distortion, which
is detrimental to the transformation brookite from anatase. Hence
the more vanadium-doped, the less the percentage of brookite is.
And since TiO6 octahedra grow in different directions in the

lattice of anatase and brookite, the existence of brookite will
suppress the growth of anatase near the interface. Therefore, the
sample with higher percentage of brookite has smaller anatase
crystallite size.41 This result is a little bit different from the usual
trend of doped TiO2, whose particle size decrease as the increase
of the dopant.17,21 However, it should be noticed that, in their
conditions, the catalysts are anatase only, whereas the samples
prepared here are mixed phases of anatase and brookite.
Figure 2 exhibits the XRD patterns of different amount of

carbon-modified 0.5% V-doped TiO2 nanopaticles. It is evident
that the brookite phase still exists after carbon modification, and
the ratio of anatase to brookite rarely changes. Furthermore, as
the carbon amount increases, the catalyst particle size increases
slightly (10�12 nm), implying that carbon is well-coated on the
surface of catalysts. These results indicate that the influence of
carbon modification on the crystal structure is slight.
3.2. TEM Analysis. Figure 3 shows the TEM and HRTEM

photos of 0.32C-0.5%V-TiO2 with the SAED modes. It can be
seen that the particle shape is short stick. The high-resolution
TEM image reveals details of the crystallite size and crystalline
phase. On the basis of the 0.35 nm d-spacing (region a), the
nanostructure is in the anatase form (101) or brookite form
(120) in the region studied, which is consistent with the powder
XRD data. And there also exists 0.29 nm d-spacing (region b),
which is assigned to the (121) planes of brookite. TEM images
and corresponding XRD results indicate that the samples pre-
pared have mixture of anatase and brookite phases.
No V�O compounds can be observed separately or on the

TiO2 particle surface, indicating that V ions have been incorporated
into TiO2 lattice, which accorded with the conclusion drawn
from the SAED modes and Raman and XRD analysis.
3.3. UV�Vis Diffuse Reflectance Spectra. The UV�Vis

diffuse reflectance spectra of samples prepared with different

amount of vanadium are presented in Figure 4. The optical
absorption edges of the V-TiO2 are varied with the different
percentage of vanadium doped. Vanadium doping into the
atomic lattice of TiO2 decreases the band gap and thus has a
red shift in UV�Vis absorption band. And the absorption
becomes broader with an increase in dopant amount.
The DRS of 0.5%V-TiO2 samples modified with different

amounts of carbon are illustrated in Figure 5. The more en-
hanced absorption observed in the visible region can be attrib-
uted to the presence of carbon on the surface. And the intensity
of absorption shoulder between 400 and 800 nm increases with
increasing carbon content. The sample with ratio of C:Ti = 0.48
shows the biggest absorption. This demonstrates that carbon
modification can greatly enhance the photon absorption of
V-TiO2 in the region of visible light.
3.4. Raman Spectra. Figure 6 shows the Raman spectrum

recorded under ambient conditions for blank sample, 0.5%V-
TiO2 and 0.32C-0.5%V -TiO2. The Raman spectra of all the
samples are characterized by a strong band at 142 cm�1, three
middle intensity bands at 395, 515, and 636 cm�1. These peaks
can be assigned to the fundamental vibration modes of anatase
TiO2 with the symmetries of Eg, B1g, A1g, respectively. And
the pure brookite exhibits a characteristic intense band at
153 cm�1, which is covered by the strong band at 142 cm�1.
However, the band at 320 cm�1, which can be ascribed to
the fundamental vibration modes of brookite TiO2 with the
symmetry of B1g, proves the existence of the brookite in the
lattice. These results are consistent with the XRD measurements.
Because the percentage of brookite decreases as the increases of
the dopant (according to the XRD result, the percentages of
brookite in blank-TiO2, 0.5%V-TiO2, and 0.32C-0.5%V-TiO2 are
21.4, 17.8, and 17.7%, respectively), the brookite band at 320 cm�1

becomes weaker with the increase in the dopant amount.
No Raman lines due to vanadium oxide can be observed in the

vanadium-doped samples, which proves that vanadium is dis-
persed very well and no vanadium oxide cluster exists. It also
confirms that vanadium may be present in the substitutional
positions in the lattice of TiO2.
For the carbon-deposited 0.32C-0.5%V-TiO2 sample, the

Raman peaks between 1000 and 2000 cm�1 appear (Figure 7).
It is reported that peaks around 1100, 1338, and 1582 cm�1

indicate the existence of amorphous carbons with some degrees of
graphitic ordering. Therefore the remaining carbon on the

Table 1. XRD Results of Different Amounts of Vanadium-
Doped Samples

lattice parameters (Å)a

samples

crystal size of

anatase (nm) a-axis c-axis

percentage of

brookite (%)

blank-TiO2 6.9 3.7827 9.5120 20.1

0.3%V-TiO2 7.7 3.7801 9.4922 18.1

0.5%V-TiO2 8.3 3.7839 9.4887 17.8

1.0%V-TiO2 10.9 3.7870 9.4856 10.9
aDerived on the basis of Bragg’s Law, 2dhklsin θ = nλ (with d101), and the
formula for a tetragonal unit cell: 1/(dhkl)

2

= (h2þ k2)/a2þ l2/c2. Here,
dhkl is the lattice spacing, θ is the incident angle, n is an integer, λ denotes
the wavelength of the incident wave, (a, c) are the lattice parameters, and
(h, k, l) represent the Miller indices (the error limits of crystal size and
percentage are 1%, the error limits of lattice parameters are 0.1%)

Figure 2. XRD patterns of 0.16C-0.5%V-TiO2, 0.32C-0.5%V-TiO2,
and 0.48C-0.5%V-TiO2.
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crystalline surfacemust be present as a stable graphite-like carbonac-
eous species.33 It is also noticed that all the peaks observed in
Figure 7 shifted to the higher wavelength, which can be attribute to
the carbonaceous species formed by the carbon on surface.
3.5. TG Analysis. The TG-DTA profiles of 0.5%V-TiO2 and

0.32C-0.5%V-TiO2 are shown in Figure 8. It can be seen that the

profiles of the two DTA curves are quite different. Both samples
show a single peak at 100 �C, which is due to the loss of physically
adsorbed water. 0.32C-0.5%V-TiO2 shows a single peak at
230 �C, whereas 0.5%V-TiO2 shows a broad shoulder peak
there. These peaks are due to the removal of strongly bound

Figure 3. HRTEM images for 0.32C-0.5%V-TiO2 and its SAED imagine.

Figure 4. UV�vis diffuse reflectance spectra of blank-TiO2, 0.3%V-
TiO2, 0.5%V-TiO2, and 1.0%V-TiO2. Figure 5. UV�Vis diffuse reflectance spectra of 0.5%V-TiO2, 0.16C-

0.5%V-TiO2, 0.32C-0.5%V-TiO2, and 0.48C-0.5%V-TiO2.
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water or surface hydroxyl. And also some strongly bound
water or surface hydroxyl groups on the sample are slowly
being eliminated with the rise of temperature from 100 to
400 �C. And both samples also show a single peak at 450 �C,
which can be attributed to decomposition of organic com-
pound. 0.32C-0.5%V-TiO2 shows a unique peak at 550 �C,
which is also due to decomposition of organic compound,
which comes from the precursor glucose.
Thermogravimetric analysis (TG) is used to estimate the carbon

content in the sample. Taking the mass loss of 0.5%V-TiO2 as a

reference, the carbon content can be calculated to be 2.9 wt.% for
0.32C-0.5%V-TiO2.
3.6. XPS Analysis. Ti 2p XPS spectra of blank-TiO2 and

0.32C-0.5%V-TiO2 samples are shown in Figure 9. The binding
energies of Ti 2p3/2 and Ti 2p1/2 for 0.32C-0.5%V-TiO2 sample
are at 458.4 and 464.0 eV, respectively, which agree with Ti (IV)
in titanium oxide. Furthermore, compared with blank-TiO2,
0.32C-0.5%V-TiO2 sample exhibits an asymmetrical shoulder
at 458.5 eV, which indicates the existence of Ti3þ.21,42 As is well-
known, the vanadium has variable valence. So V5þ can replace
Ti4þ site in the lattice, which breaks the charge balance and leads
to the produce of Ti3þ. It means vanadium doping favors the
formation of Ti3þ on the surface or subsurface layer of TiO2.
V 2p2/3 spectra of 0.5%V-TiO2 and 0.32C-0.5%V-TiO2 sam-

ples are illustrated in Figure 10. For the 0.5%V-TiO2 sample, the
peak of V 2p2/3 can be divided into two peaks. The peak at a
binding energy of 519.6 eV suggests V5þ species, whereas the
shoulder at 517.8 eV can be assigned to V4þ. V4þ and V5þ ions
were incorporated into the crystal lattice of TiO2 and no
vanadium oxide phase was present; thus, V4þ and V5þ ions sub-
stituted for Ti4þ ions and formed a Ti�O�V bond.
The presence of V4þ in the mixture catalysts may be due to the

reduction of V5þ by Ti3þ generated during the calcinations of the
catalysts. Trifiro43 suggested a mechanism for the spontaneous
reduction of V5þ by studying the solid-state preparation of
V2O5/TiO2, which showed that dehydroxylation of surface
Ti4þ sites leads to the formation of Ti3þ followed by charge
transfer and subsequent reduction of V5þ to form stable Ti�O�V
bonds during annealing.
The existence of V4þ is very critical to the visible light

photocatalysis. It can replace the site of Ti4þ in the bulk without
inducing significant lattice distortion. Furthermore, it can form
an impurity energy band V4þ/V5þ at 2.1 eV, which is lower than
conduction band of TiO2.

27 Therefore, it can alter the electronic
properties by trapping a photogenerated hole or injecting an
electron to the TiO2 conduction band to form V5þ, which is
more stable.
For the 0.32C-0.5%V-TiO2 sample, the peak of V 2p2/3 can

also be divided into two peaks. However, both of these two peaks
shift to higher binding energy. That fact indicates carbon modi-
fication increases the density of electron cloud around vanadium
ions. Furthermore, the intensity of V5þ becomes weaker, whereas
the intensity of V4þ strengthens. And the calculated ratios of V4þ

to V5þ of 0.5%V-TiO2 and 0.32C-0.5%V-TiO2 samples are 0.40
and 1.08, respectively. This means that some V5þ ions are
reduced to V4þ ions by modified carbon. It also indicates that

Figure 6. Raman spectra of blank-TiO2, 0.5%V-TiO2, and 0.32C-0.5%
V-TiO2.

Figure 7. Raman spectrum of 0.32C-0.5%V-TiO2 in the wavelength
region of 1000�2000 cm�1.

Figure 8. Thermal analysis (TG/DTA) profiles of 0.5%V -TiO2 (left) and 0.32C-0.5%V -TiO2 (right).
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the electron clouds of modified carbon and doped vanadium can
be interacted with each other. This could be the foundation of the
synergistic effects of vanadium and carbon.
Figure 11 shows the C 1s spectra of 0.32C-0.5%V-TiO2

sample. The peak of C 1s is divided into three peaks. The peak
at 284.6 eV is associated with the adventitious elemental carbon
from glucose or internal standard carbon while XPS testing. And
the shoulders at 286.6 and 288.4 eV represent the bonds of C�O
(C�O�H or C�O�C) and CdO (or O�C�O), respectively,
indicating the formation of carbonated species. But there is no
significant peak at 281.4 eV resulting from Ti�C bond, which is

the evidence of no carbon doping in the lattice.36 Therefore, it is
proved that all the carbon is modified on the surface of the
catalysts, and no carbon doping exists.
3.7. Photocatalysis Activity. Figure 12 shows the photo-

catalytic degradation curves of AO7 over 0.3%V-TiO2, 0.5%V-
TiO2, and 1.0%V-TiO2 photocatalysts with different vanadium
doping concentration under visible light irradiation in the left
graph. It also shows the photocatalytic degradation curves of
AO7 over 0.32C-blank-TiO2, 0.32C-0.3%V-TiO2, 0.32C-0.5%V-
TiO2, and 0.32C-1.0%V-TiO2 photocatalysts with the ratio of C:
Ti = 0.32 glucose modified with different vanadium doping
concentration under visible-light irradiation in the right graph.
The photocatalytic reactions of modified samples with different
ratio of C:Ti have also been done but not shown here, which
give the result that the ratio of C:Ti = 0.32 shows the best
photoactivity.
The left graph illustrates that the highest photocatalytic

activity is observed at intermediate vanadium concentrations.
Thus, in the case of V-doped TiO2 the dopant amount steadily
increases with vanadium contents of 0.3, 0.5, and 1.0%, whereas
the reaction rate of degradation exhibits a maximum at 0.5%. As
we all know, pure anatase shows no visible light photocatalytic
activity and the prepared blank-TiO2 shows only a litter visible
photocatalytic activity (not shown here), so vanadium doping
enhances the visible photoactivity of catalysts very well because
of formation of an impurity band level.
The right graph shows that all catalysts exhibit better photo-

activities after carbon modification. And considering the catalyst

Figure 9. Ti 2p XPS spectra of blank-TiO2 and 0.32C-0.5%V-TiO2 samples (left, in the form of waterfall; right, in the normal form).

Figure 10. V 2p2/3 spectra of 0.5%V-TiO2 (left) and 0.32C-0.5%V-TiO2 (right).

Figure 11. C 1s spectra of 0.32C-0.5%V-TiO2.
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particle size increases slightly, the enhanced activities can be
totally attributed to the modified carbon. Furthermore, 0.32C-
0.5%V-TiO2 also exhibits the best activity with that amount of
carbon modification.
3.8. Mechanism.The higher photocatalytic activity of carbon-

modified vanadium-doped TiO2 here observedmay be attributed
to the following reasons: vanadium doping, carbon modification,
and synergistic effect between vanadium and carbon.
The vanadium doped into the crystal lattice of TiO2 modifies

the electronic properties of TiO2. And it influences the photo-
activity of catalysts by acting as hole (or electron) trap center
within band gap of TiO2 bulk and alters the e�/hþ pair recom-
bination rate through V5þ/V4þ ions pair. Because the energy
level of V5þ/V4þ lies below the conduction band edge at 2.1 eV,27

the 3d electron from a V4þ center is easily excited into the TiO2

conduction band under visible-light irradiation and left V5þ

there, which also helps the visible-light absorption. The photo-
excited electron can react with O2 dissolved in the aqueous
solution, generating the superoxide radical anion, which can
oxidize and degrade organic compounds. On the other hand,
some V5þ ions exist on the surface of TiO2 can bond to oxygen
(VdO) there, which can be oxidized to hydroxide radicals by
photoexcited holes.44 The hydroxide radicals can also degrade
organic compounds.
Figure 13 illustrates the molecule structure of D-(þ)-glucose.

It can easily be thermally polyerized to be polyglucose, and
furthermore, to be polymerid at higher temperature. The Raman
conclusion combined with the results of XPS indicates that all the
carbon is modified on the surface and it exists in the form of
graphite-like carbonaceous species on the surface of photocatalysts.

The carbon on the surface could enhance the photoactivity as a
photosensitizer, which absorbs visible light and generates an
electron into the conduction band, or more easily, into the
impurity energy level, V5þ/V4þ. And the electron there can
move to the surface, leading to superoxide radical anion.
The dark absorption results of photocatalysis shown in

Figure 12 also prove that carbon modified samples can adsorb
more AO7 dye amount than unmodified ones. The BET
surface areas of 0.5%V-TiO2 and 0.32C-0.5%V-TiO2 samples,
which are 117 and 175 m2/g, respectively, were tested and
are shown in Figure S1 in the Supporting Information. The
increase of surface area after carbon modification may be
due to the accumulation of the carbonated species. And the
increased surface area can enhance the adsorption of dyes on
the surface of the catalysts through chemical or physical inter-
action. It is known that the lifetime of the excited electrons are
very short and therefore the long distance electrons trans-
fer are kinetically prohibited.45 Therefore, most photocata-
lysis happens in the near distance, which means only the
dyes absorbed on the surface of catalysts can be photocata-
lytic degraded. Because carbon modification can increase the
dark absorption, it can enhance the photoactivity to some
extent in this way.
XPS results indicate that the electron clouds of Ti, V and C can

interact. For the carbon modified vanadium doped TiO2, mod-
ified carbon can act as a photosensitizer, absorbing visible light

Figure 12. Photocatalytic degradation curves of AO7 on different amounts of vanadium-doped TiO2 catalysts (left) and 0.32 carbon-modified different
amounts of vanadium-doped TiO2 catalysts (right) under visible-light irradiation (the error limit on data is 1%).

Figure 13. Molecule structure of D-(þ)-glucose.

Scheme 1. Mechanism for the Synergistic Effects of Vana-
dium and Carbon
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and impregnating electron to conduction band or impurity
energy level. Through trapping photogenerated electrons by
V5þ/V4þ pairs and photogenerated holes by modified carbon,
the e�/hþ pair are well-separated. Consequently, the quantum
efficiency of the photocatalytic reaction of comodified TiO2 is
improved. In other words, the synergistic effects of carbon
modification and vanadium doping may not only enhance the
utilization efficiency of solar energy due to surface carbon and
bulk vanadium narrowing the band gap, but also sufficiently
promote the separation of photogenerated holes and electrons
and then lead to high photodegradation efficiency of AO7 under
the visible-light irradiation (Scheme. 1).

4. CONCLUSIONS

Here, the carbon-modified vanadium-doped titanium dioxide
catalysts are synthesized by a low-temperature wet chemical
method. The prepared catalysts show small crystallite size, rela-
tively large surface areas, and therefore highly photoactive of
degrading AO7 under visible light irradiation. The experimental
results show that vanadium is doped into the lattice while carbon
is modified on the surface. Both of the carbon species and vana-
dium ions are beneficial to the utilization of visible light and the
separation of photogenerated holes and electrons, which in turn
are beneficial to the activity of degrading AO7 under visible-light
irradiation. In summary, the synergistic effects between vana-
dium and carbon lead to enhance the photoactivity of carbon-
modified and vanadium-doped TiO2.
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